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I N T R O D U C T I O N
Steroid-avoidance protocols have gained popularity in pediatric kidney transplantation and have shown acceptable outcomes compared to steroid-based regimens [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, steroids continue to be prescribed for maintenance immunosuppression in about 65% of pediatric kidney transplant recipients, indicating that hesitancy remains regarding more widespread adoption of steroid-avoidance protocols [11] . Important concerns include appropriate identification of low-immunologic-risk patients amenable to steroid avoidance and the choice of induction agent. We previously characterized the nationwide practice of steroid avoidance in pediatric kidney transplantation. We reported that children receiving steroid avoidance tended to be low-risk patients who received induction with a lymphocyte-depleting agent. The clinical practice of steroid avoidance, moreover, displayed significant variability among transplant centers: 21% of centers never practice steroid avoidance, while 26% used steroid-avoidance protocols in >60% of transplant recipients [11] . These results indicate a lack of consensus in the transplant community regarding the safe practice of steroid avoidance in pediatric kidney transplantation.
We therefore sought to investigate outcomes of steroidavoidance protocols in pediatric kidney transplant recipients stratified by immunologic risk factors and by induction agent. To accomplish this, we performed a propensity score-matched cohort analysis of pediatric kidney transplant recipients from July 2004 to June 2014 using data from the Organ Procurement and Transplantation Network (OPTN) database. Our aim was to evaluate whether steroid-avoidance protocols adversely influence allograft survival among high-risk pediatric kidney transplant recipients.
M A T E R I A L S A N D M E T H O D S
This study was a retrospective analysis of pediatric kidney transplant recipients (<18 years of age) from July 2004 to June 2014 using data from the OPTN database. In total, there were 8001 children who received a kidney transplant during the study period. Because we sought to adjust for both center-and patient-level characteristics, we included only children who received a kidney transplant at centers that averaged at least one transplant per year (n ¼ 7769). Exclusion criteria included multi-organ transplant recipients (n ¼ 155), children who did not survive beyond discharge (n ¼ 104) with a functioning graft or remained in the hospital for >180 days after transplantation (n ¼ 5), and children who were not prescribed both mycophenolate and tacrolimus at discharge (n ¼ 1271). An additional 407 subjects did not have a complete set of covariates for analysis, leaving a final cohort of 5827 children.
Patients were classified as receiving a steroid-avoidance protocol if they were discharged from the transplant hospitalization without maintenance steroids, as recorded by transplant professionals on transplant registration forms. This registration form defines maintenance immunosuppression as a drug 'given before, during, or after transplant for varying periods of time which may be either long-term or intermediate term with a tapering of the dosage until the drug is either eliminated or replaced by another long-term maintenance drug'. This does not preclude a short course of steroids post-operatively as an induction agent. Using this definition, 2114 children received steroid-avoidance protocols and 4120 children received steroidbased protocols. Baseline characteristics, including demographic information and immunologic risk factors, were compared between the two groups both before and after propensity score matching. Propensity scores or the probabilities of receiving steroid avoidance upon discharge for individual children were estimated using logistic regression. The scores were then used to match children receiving steroid avoidance with children receiving steroid-based immunosuppression in the same transplant year with similar clinical characteristics. This was accomplished with 1:1 matching without replacement via greedy algorithm matching across centers with a caliper of 10% of the standard deviation of the propensity score. The following covariates were included in estimating propensity scores: age, gender, race, pretransplant dialysis, human leukocyte antigen (HLA) mismatch status, panel reactive antibody (PRA) level, donor type, type of insurance (private versus public), previous kidney transplantation, induction agent (lymphocyte depleting agent and interleukin-2 (IL-2) receptor antagonist), delayed graft function (dialysis within 1 week after transplant), cause of renal failure (glomerular versus non-glomerular disease) and treatment for acute rejection prior to discharge. A center-level covariate, per center pediatric transplant volume, was also included. The primary outcome was graft failure, defined as
return to dialysis or re-transplant. Patients who died with a functioning graft represented a very small number of the entire cohort (n ¼ 15). Since the purpose of this analysis was to investigate the effect of steroid avoidance on allograft survival, these subjects were censored as of the patient's death. Graft survival was evaluated for the entire propensity score-matched cohort and among the following immunologic risk strata: repeat kidney transplants, African-Americans, sensitized children (PRA !10%), children with pretransplant glomerular disease, and recipients of deceased donor and completely HLAmismatched kidneys. A stratified analysis was also performed according to the use of a lymphocyte depleting agent for induction.
Statistical analyses were performed using SAS 9.3 and R 3.2.4 statistical software. Chi-square and Wilcoxon rank sum testing were used as appropriate to compare baseline characteristics between treatment groups. Graft survival was compared in the propensity score-matched data using the Kaplan-Meier estimator and the log-rank test. The estimated graft survival curves suggested that the relative hazard of those receiving steroidavoidance protocols differed in the first 2 years posttransplant compared with long-term follow-up during Years 2-10 posttransplant. Because this violates the constant proportionality assumption of Cox regression modeling, we used a timevarying hazard Cox regression model to examine the long-term relative hazard separately from the short-term hazard over the first 2 years. The long-term effect of steroid-avoidance within immunologic risk was evaluated by including interaction terms with the risk stratum factors in the time-varying hazard Cox regression model. Hazard ratios of graft loss were reported for steroid avoidance among each immunologic risk strata along with Wald 95% confidence intervals (95% CIs).
R E S U L T S

Cohort characteristics
Demographic and clinical characteristics of the entire cohort and the propensity-score matched cohort are displayed in Table 1 . In the propensity score analysis, appropriate matches were identified for 1624 of the 2114 children (77%) who received steroid-avoidance protocols for maintenance immunosuppression. Of these subjects, 1015 (63%) received a short course of steroids as an induction agent [median of 3 days, interquartile range (IQR) of 2-5 days]. Prior to matching, significant differences existed in race, donor type, insurance type, FIGURE 1: Love plot of absolute standardized difference in baseline characteristics before and after matching. AA race, AfricanAmerican race; AR, acute rejection; DGF, delayed graft function; IL2, IL-2 receptor antibody; LDA, lymphocyte-depleting agent. 
In the propensity score-matched cohort, there were no significant differences between children receiving steroid-based and steroid-avoidance protocols. The absolute standardized difference in each demographic or clinical characteristic was <0.1 standard deviation, meeting the generally accepted requirement of well-matched data ( Figure 1 ) [12] . Acute rejection rates were also investigated in the propensity score-matched cohort, as this may influence the effect of steroid avoidance on graft survival. Similar rates of acute rejection were observed at 6 months and 1 year posttransplant. In children receiving steroid avoidance, acute rejection occurred in 8.7% at 6 months and 13.5% at 1 year posttransplant. In those receiving steroid-based immunosuppression, acute rejection occurred in 7.7% at 6 months and 13.1% at 1 year (6-month P-value ¼ 0.33; 1-year P-value ¼ 0.74).
In the propensity score-matched cohort, steroid prescription was investigated up to 5 years following transplantation. Among patients receiving steroid avoidance at discharge, 85% were steroid-free at 6 months, 81% at 1 year, 75% at 2 years, 74% at 3 years, 70% at 4 years and 71% at 5 years. Conversely, among those receiving steroid-based regimens at discharge, 93% remained on steroids at 6 months, 90% at 1 year, 86% at 2 years, 85% at 3 years, 84% at 4 years and 83% at 5 years following transplantation. Demographic and clinical characteristics of children in whom steroids were initiated at 1 year posttransplant following de novo steroid avoidance are presented in Table 2 . Transplant recipients who initiated steroids were more likely to have immunologic risk factors, including a higher incidence of sensitization, delayed graft function and previous transplantation. Patients who initiated steroids also were less likely to receive induction with a lymphocyte depleting agent.
Graft survival in children receiving steroid avoidance
In the unmatched data, 5-year death-censored graft survival was improved among children receiving steroid avoidance (85.4% versus 79.4%, P < 0.001). In the propensity scorematched cohort, death-censored graft survival remained improved compared with steroid-based protocols, although this difference was attenuated compared with the unmatched data ( Figure 2) . Specifically, 5-year allograft survival was 84.8% in children receiving steroid-avoidance compared with 81.2% in steroid-based protocols (P ¼ 0.03).
To evaluate the proportional hazards assumption in the propensity score-matched cohort, the hazard ratio for allograft failure in children receiving steroid avoidance compared with steroid-based protocols was investigated during the study period ( Figure 3) . The hazard ratio (HR) for allograft failure in children receiving steroid-avoidance was significantly lower FIGURE 2: Death-censored graft survival in steroid-based versus steroid-avoidance protocols prior to matching (a) and after matching (b).
S t e r o i d a v o i d a n c e i n k i d n e y t r a n s p l a n t a t i o n immediately following discharge, sharply increasing thereafter to reach a plateau by about 2 years posttransplant. Therefore, outcomes during the first 2 years following transplant were separately investigated from Years 2 to 10 of the study period. In the propensity score-matched cohort, children receiving steroid avoidance had improved 2-year allograft survival, with an HR of 0.62 (95% CI 0.45-0.86; P ¼ 0.004). However, steroid avoidance was not significantly associated with improved long-term allograft survival during Years 2-10 of the study, with an HR of 0.93 (95% CI 0.75-1.15; P ¼ 0.51). In Kaplan-Meier analyses, 2-year allograft survival was improved in children receiving steroid avoidance (95.8%) compared with those receiving steroid-based protocols (93.4%, P ¼ 0.003). However, among children with a functioning graft 2 years after transplant, no difference was observed in death-censored graft survival between children receiving steroid-avoidance and steroid-based protocols ( Figure 4) . These results indicate that the improved overall graft survival of children receiving steroid avoidance was driven by improved survival during the first 2 years following transplant, when the HR was significantly lower compared with Years 2-10 after transplant.
Graft survival stratified by immunologic risk factors and induction agent
Long-term graft survival during Years 2-10 after transplant, when the constant proportionality assumption was supported, was evaluated when stratified by immunologic risk factors and by induction agent. Steroid avoidance did not show any effect on death-censored graft failure when stratified by induction agent. Within immunologic risk strata, the HRs (95% CI) for allograft failure for children receiving steroid avoidance were not significantly different from the null value of 1, similar to the overall analysis (Table 3) . Specifically, among sensitized recipients and African-Americans, there was no significant association of steroid avoidance with allograft failure. Steroid avoidance in children with a pretransplant diagnosis of glomerular kidney disease was not associated with an increased risk of allograft failure. Among repeat transplant recipients, a trend was evident toward a higher risk of allograft failure in those receiving steroid avoidance (HR ¼ 1.8), although this did not reach statistical significance (P ¼ 0.08).
D I S C U S S I O N
We demonstrated that steroid-avoidance protocols are safely practiced in pediatric kidney transplant recipients receiving tacrolimus-and mycophenolate-based immunosuppression. In this propensity score-matched cohort analysis, children receiving steroid-avoidance protocols comprised a significant number of high-risk transplant recipients, including 59% who received deceased donor kidneys, 17% African-Americans, 12% who were sensitized (PRA >10%) and 5% who received a repeat kidney transplant. Importantly, long-term allograft survival of steroid-avoidance protocols was similar to steroid-based protocols among children with these risk factors for inferior graft outcomes.
Steroid avoidance has become a major goal in pediatric kidney transplantation during the past decade and has been safely practiced in select transplant recipients [9, 13] . The 2009 Kidney Disease: Improving Global Outcomes (KDIGO) guidelines recommend that steroids can be discontinued during the first week of transplant in patients at low immunologic risk [14] . However, marked variability exists in the practice of steroid avoidance among transplant centers, and selection criteria for steroid avoidance remains an important clinical concern [11] . Sensitized patients have routinely been excluded from steroid avoidance in previous studies [2, 3, 6] . Also, AfricanAmericans have been consistently underrepresented, with the largest study including only 34 African-American participants [3] . Only one small trial of 13 children demonstrated acceptable short-term outcomes in high-risk pediatric recipients, including African-Americans, sensitized recipients and those with zero HLA matching [7] . In this nationwide analysis, a comparatively larger number of African-Americans (n ¼ 272), sensitized patients (n ¼ 198) and recipients of complete HLA-mismatched kidneys (n ¼ 228) received steroid-avoidance protocols. Among these children considered to be at high risk in our cohort, longterm allograft survival was similar in those receiving steroidavoidance compared to steroid-based protocols. Our results, therefore, extend the findings of previous studies by showing that steroid avoidance can be safely practiced in children with immunologic risk factors, including African-Americans and sensitized children.
Repeat transplant recipients represent a distinct group at high immunologic risk, who are frequently allosensitized and at increased risk for allograft failure [15] . Furthermore, in adult patients receiving steroid avoidance, repeat transplant recipients are at increased risk of acute rejection [16] and return to steroid therapy [17] . In a previous nationwide analysis of the clinical practice of steroid avoidance [11] , we reported that children with a previous transplant were the least likely to receive steroid avoidance, and many published studies of steroid avoidance have excluded these patients from participation [1] [2] [3] . To our knowledge, this is the first study to evaluate the effect of steroid avoidance on allograft outcomes in this patient population compared with primary transplant recipients. In our cohort, repeat transplant recipients receiving steroid avoidance did not have significantly worse long-term outcomes. However, the HR for long-term allograft failure in repeat transplant recipients was 1.84 and approached significance (P ¼ 0.08). Limited power may have played a role, as repeat transplants represented only 5% of the entire propensity score-matched cohort. Our results should, therefore, be interpreted with caution in this particular high-risk group of transplant recipients.
The choice of induction agent remains an important clinical decision when practicing steroid avoidance. The primary benefit of lymphocyte depleting agents is a reduced risk of acute rejection, especially in high-risk patients [18, 19] . However, these agents have been associated with increased risk of cytomegalovirus infection and posttransplant lymphoproliferative disorder [19] [20] [21] , and the long-term benefit on graft survival is uncertain [22] . Prior to matching, 62% of transplant recipients in steroidavoidance protocols received a lymphocyte-depleting agent. The preferential use of lymphocyte-depleting agents in steroid avoidance may represent an effort to mitigate the risk of acute rejection in these patients. The type of induction agent, however, did not influence the long-term outcomes of steroid avoidance, which was equally safe in patients receiving lymphocyte-depleting agents and IL-2 receptor antibody induction. Although lymphocyte-depleting agents may have some benefit in high-risk recipients irrespective of steroid use, our results indicate that the choice for induction agent should not be significantly influenced by concurrent use of steroids for baseline immunosuppression. In patients receiving steroid avoidance who are otherwise at low immunologic risk, standard induction with an IL-2 receptor antibody is a reasonable option.
The decision to use steroid avoidance in children with endstage renal disease secondary to glomerulonephritis presents a unique challenge. Among patients with a pretransplant diagnosis of primary glomerular disease, recurrence occurs in up 10-50% [23] and is the third leading cause of allograft failure [24] . There are limited data in children regarding the association steroid avoidance with posttransplant recurrence of glomerular disease. In a cohort of 129 children receiving de novo steroid-free immunosuppression, Sutherland et al. reported that recurrence of glomerulonephritis was the second most frequent cause for initiation of steroids [25] . However, many studies have shown that the risk of allograft loss due to disease recurrence is not affected by steroid-free immunosuppression [26] [27] [28] . Likewise in our cohort, allograft survival in children with pretransplant glomerulonephritis was not adversely affected by steroid avoidance, indicating that this approach is a safe option in children with glomerular disease. 
Steroid avoidance was associated with improved short-term allograft survival in our propensity score-matched cohort. This is consistent with a previous analysis by Luan et al., who investigated allograft survival of steroid-avoidance protocols in adult kidney transplant recipients using OPTN data [29] . They reported that steroid-avoidance protocols were associated with improved 1-year allograft survival compared with steroid-based protocols. We suspect that improved short-term outcomes in children receiving steroid avoidance, which was most prominently observed immediately following transplant, reflected clinical judgment that is not accounted for by pre-transplant variables included in the propensity score analysis. For example, it is possible that children with slow recovery of renal function after transplant or peri-transplant complications, such as disease recurrence, were preferentially kept on maintenance steroids.
The strengths of this study include the large sample size, extended follow-up period and the comprehensive nature of the OPTN database, which provided a large number of variables to include in the propensity score model and minimize confounding. Nevertheless, the findings and conclusions of this study should be interpreted within the framework of inherent limitations of observational studies. First, although we adjusted for known risk factors of poor outcomes, the possibility of residual unmeasured confounding must be considered, which likely accounted for improved short-term allograft survival in patients receiving steroid avoidance. Patient compliance, which is not captured in registry data, is another variable that may influence the clinical decision to use steroid avoidance and may also affect allograft outcomes. A second limitation is a lack of granularity in data regarding steroids and concomitant immunosuppression. For example, the dose of immunosuppressive medications is not reported, and variation in tacrolimus levels could have existed between treatment groups. Finally, patients were classified according to steroid prescription at discharge, and this changed in a small percentage of patients at follow-up. Our results should, therefore, be interpreted as the overall safety of de novo steroid-free immunosuppression, although this does not preclude the subsequent initiation of steroids if clinically indicated.
Given these limitations, the findings of this study should be interpreted with some caution, as steroid avoidance is not without some risk. Adult meta-analyses of randomized controlled trials have shown increased risk of acute rejection in patients receiving steroid avoidance, the long-term consequences of which remain uncertain [30] [31] [32] . In an analysis of OPTN data by Schold et al. high-risk transplant recipients, including repeat transplants and sensitized patients, demonstrated an increased risk to start steroids after initial steroid avoidance [17] . In our cohort, patients with immunologic risk factors were also more likely to initiate steroids at 1 year posttransplant, although this occurred in only 19% of those selected for de novo steroid avoidance. Furthermore, steroid avoidance did not adversely affect long-term allograft survival in those with immunologic risk factors, indicating that steroid avoidance can be safely attempted with a reasonable chance of success in these higher-risk patients. Benefits of steroid avoidance include decreased cardiovascular morbidity and improved growth posttransplant [3, 4, 6, 10, 33] .
Therefore, the decision to use steroids should not be based strictly on race, sensitization or other risk factors for inferior outcomes. Rather, immunosuppression should be tailored to individual patients considering both the potential benefits and morbidity associated with steroid use.
In conclusion, steroid avoidance can be safely practiced in children receiving tacrolimus-and mycophenolate-based immunosuppression, including those with risk factors for inferior graft outcomes. Steroid avoidance is, therefore, a reasonable option to avoid steroid-associated morbidity in pediatric kidney transplant recipients. 
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